Explicit-water theory for the salt-specific effects and Hofmeister series in protein solutions Observation of high-temperature dynamic crossover in protein hydration water and its relation to reversible denaturation of lysozyme Ice binding proteins (IBPs) are produced by various cold-adapted organisms to protect their body tissues against freeze damage. First discovered in Antarctic fish living in shallow waters, IBPs were later found in insects, microorganisms, and plants. Despite great structural diversity, all IBPs adhere to growing ice crystals, which is essential for their extensive repertoire of biological functions. Some IBPs maintain liquid inclusions within ice or inhibit recrystallization of ice, while other types suppress freezing by blocking further ice growth. In contrast, ice nucleating proteins stimulate ice nucleation just below 0 C. Despite huge commercial interest and major scientific breakthroughs, the precise working mechanism of IBPs has not yet been unraveled. In this review, the authors outline the state-of-the-art in experimental and theoretical IBP research and discuss future scientific challenges. The interaction of IBPs with ice, water and ions is examined, focusing in particular on ice growth inhibition mechanisms.
I. INTRODUCTION
In the 1950s, Scholander and coworkers set up a series of expeditions to the eastern Canadian arctic to study how Hebron Fjord fishes survive in their ice-laden, subzero habitats. 1, 2 The team discovered that deep water fishes, which never encounter ice, permanently live in a supercooled state. But the coping mechanism of shallow water fishes remained unclear. These fishes did not freeze even in the presence of ice during the winter season. Roughly two decades later, DeVries et al. identified glycoproteins as the cryoprotective antifreezes in Antarctic fish. [3] [4] [5] NaCl and other osmolytes in the blood serum produced only $70% of the freezing-point depression necessary for survival. The remainder was attributed to a noncolligative effect caused by the antifreeze glycoproteins (AFGPs). 4 Since the discovery of AFGPs in Trematomus borchgrevinki in 1969, ice-binding proteins (IBPs) have been isolated from various kingdoms of life. All IBPs modulate ice growth, which is essential for their extensive functional repertoire (Fig. 1) . Well known is the IBP subclass of antifreeze (glyco)proteins [AF(G)Ps]. These IBPs block growth of small, embryonic ice crystals in a narrow regime of subzero temperatures. Other IBPs structure ice, 6, 7 inhibit ice recrystallization, 8, 9 or promote ice adhesion. 10, 11 Ice nucleating proteins (INPs) stimulate ice nucleation at high subzero temperatures. 12, 13 The unique ability of IBPs to modify ice crystal growth also holds great promise for a range of application areas including food technology, materials science, and biomedicine. [14] [15] [16] In this paper, we review major advances in the field of IBPs focusing in particular on recent experimental and theoretical studies aiming to elucidate how IBPs function. We first give an overview of the structure and function of IBPs, highlighting new developments in activity and ice-binding plane assays. Next, we describe what is known about the interaction of IBPs with ice, water, and ions. We conclude with a brief summary of the state-of-the-art and a perspective on future challenges in the field.
II. BIOLOGICAL FUNCTION OF ICE-BINDING PROTEINS
Ice-binding proteins have been isolated from fishes, plants, insects, and terrestrial arthropods, as well as microorganisms such as bacteria, fungi, and algae. These species can be classified as either freeze-avoiding or freeze-tolerant: the former prevent freezing as it is lethal, while the latter are able to survive it. 12, 13 Four different roles of IBPs in these cold-adapted organisms have been identified: antifreeze, ice recrystallization inhibition, ice structuring, and ice adhesion ( Fig. 1 ). Furthermore, INPs stimulate ice nucleation just below 0 C. When new IBPs are discovered, a series of experiments assaying for the various activities is carried out to confirm that the protein indeed acts as an IBP and binds ice. Optical microscopy is routinely used to study IBPinduced ice shaping and to determine the melting and freezing point of for example blood serum, hemolymph, or cell a) Electronic addresses: a.s.oude.vrielink@tue.nl; a.aloi@tue.nl; l.l.c.olijve@ tue.nl b) Author to whom correspondence should be addressed; electronic mail: i.voets@tue.nl lysate. [17] [18] [19] Inhibition of ice recrystallization is monitored by polarized optical microscopy. 6, 20 The IBPs can be separated from proteins and other (serum) constituents that do not bind ice by ice-affinity purification. [21] [22] [23] Most important for freeze-avoiding species like fish is the ability of IBPs to prevent further growth of endogenous ice crystals circulating in the blood stream or hemolymph [ Fig.  1(a) ]. The "antifreeze activity" of this subclass of IBPs called antifreeze (glyco)proteins is quantified by the temperature range in which ice crystal growth is effectively blocked. AFPs create this so-called thermal hysteresis (TH) gap between the freezing and melting point of circulating ice crystals by a noncolligative freeze point depression. 5, 24 Insect AFPs tend to generate a larger thermal hysteresis gap than fish AFPs, since they live in much colder environments at temperatures as low as À70 C. 13 Fish AFPs exhibit a maximum TH of $2 C with serum levels as high as 30-40 mg ml À1 , while 2-13 C TH values have been reported for the hemolymph of freeze-avoiding insects at tenfold lower AFP concentrations. 13, 25 At first sight, it seems as if fishes are well protected from freezing in sea water of À1.9 C, while insects remain at risk in their natural habitats. Insects, however, may be better protected than it seems on the basis of TH values determined in vitro, because the activity of insect AFPs increases with decreasing crystal size, which could be much smaller in nature than in a laboratory experiment. 12, 26 Moreover, freeze-avoiding insects use both AFPs and colligative substances, such as sugars and polyols, to prevent inoculative freezing (i.e., freezing initiated by external ice) and supercool down to very low temperatures. 13, 27 Potential ice nucleators are removed from the body or inactivated by IBPs. 12, [28] [29] [30] While ice-formation is lethal for freeze-avoiding organisms such as fish and most insects, freeze-tolerant plants and insects allow controlled freezing of extracellular spaces during the winter season. 13, 31 Because intracellular ice would also be lethal for freeze-tolerant species, they use INPs to prevent extensive supercooling and initiate extracellular ice nucleation at relatively low supercooling [ Fig.  1(d) ]. 12, 13 The osmotic imbalance that arises as a result of extracellular ice formation gives an outflux of water from the cells, which further depresses the intracellular nucleation and freezing points. 12, 13, 31, 32 Potent ice nucleating proteins are furthermore found on the membranes of bacteria, which gain access to food by freezing which injures the host plants or fruits. 12, 33, 34 Apart from INPs, freeze-tolerant species also produce IBPs to control intercellular ice. Insect AFPs from freezetolerant species exhibit much lower TH values than their counterparts from freeze-avoiding species. 25 A combination of low daylight exposure and low temperature triggers the production of AFPs in cold-adapted overwintering plants with typical TH values of 0.1-0.5 C. 31, 35 Plant IBPs are also very effective inhibitors of ice recrystallization [ Fig. 1(e) ]. This circumvents the formation of large ice crystals in the interstitial fluids which causes freeze damage. 8, [36] [37] [38] Two additional biological functions of IBPs have come to light more recently. IBPs secreted from sea ice-inhabiting diatoms, fungi, and bacteria most likely have an icestructuring function. Together with other extracellular polysaccharide substances, a liquid environment is maintained in brine channels, which is essential for their habitability [ Fig.  1(b) ]. 6, 7, 39, 40 The Antarctic bacterium Marinomas primoryensis also uses IBPs to alter its natural habitat, but instead of secreting IBPs to the environment, it adheres to ice floating on Antarctic lakes via 1.5-MDa ice-binding adhesins on its surface. This gives the bacterium access to oxygen and nutrition rich water [ Fig. 1(c) ]. 10, 11 
III. STRUCTURE OF ICE-BINDING PROTEINS
All IBPs bind ice, yet, this unique class of proteins displays great structural diversity. The large variation in macromolecular structures, which is found even in closely related organisms (i.e., certain types of polar fishes), points toward an independent and recent evolution due to climate changes. 42, 43 A. Classification and structure of ice-binding proteins IBPs are grouped into AFPs and other IBPs. AFPs are classified into nonfish and fish AFPs, which are further subdivided into five types based on their amino acid sequence and structural characteristics: AFGPs, and types I, II, III, and IV AFPs. Cold-adapted organisms typically produce AFPs from different structural classes and/or multiple isoforms of AFPs of the same type. 31, 42, 44 AFGPs consist of n ¼ 4-50 tripeptide repeats of (Ala-Ala-Thr) n with the disaccharide galactose-N-acetylgalactosamine attached to each hydroxyl oxygen atom of the Thr residues. 45, 46 AFGPs are categorized into eight classes of isoforms with AFGP1 corresponding to the largest glycoproteins (M w ¼ 34 kDa) and AFGP8 to the smallest (M w ¼ 2.6 kDa). 4 No solution structure is available for AFGPs, since they are polydisperse, flexible, and rather disordered. 46 Fish type I AFPs also have a highly repetitive amino acid sequence. The two type I AFPs from winter flounder, for example, are rich in alanine and have an a-helical fold with 11-residue periodicity [Figs. 2(i) and 2(ii)]. 47, 48 In contrast, type II and III fish AFPs are nonrepetitive and show an overall globular fold. 49, 50 In fish type II AFPs, this fold is stabilized by cysteine residues. Herring hAFP-II has five intramolecular cysteine bridges and binds one Ca 2þ ion [ Fig. 2 (iii)]. 51 Interestingly, the TH activity of the protein is significantly lower in the presence of other divalent ions, which also leads to different ice crystal shapes. 52 Globular type III fish AFPs are devoid of cysteine. They are subdivided in quaternary aminoethyl (QAE) and sulfopropyl (SP) isoforms, based on sequence similarity and isoelectric point: QAE isoforms adhere to QAE sephadex ion exchange resin, while SP isoforms adhere to SP sephadex ion exchange resins. The frequently studied type III AFP from ocean pout belongs to the QAE isoforms [ Fig. 2 (iv)]. 53, 54 Only one fish type IV AFP has been discovered and characterized. It is present, however, in the blood of the longhorn sculpin at such low concentrations that it cannot function as an antifreeze agent. 55 A common structural motif in IBPs from microorganisms and arthropods is the b-solenoid fold [Figs. 2(v)-2(ix)]. In MpAFP, sbwAFP, TmAFP and LpIBP the b-turns are formed by regular repeats [Figs. 2(vi), 2(vii), 2(viii), and 2(ix)]. [56] [57] [58] On the contrary, in TisAFP [ Fig. 2 (v)], ColAFP from the bacterium Colwellia strain SLW05 (PDB 3WP9) and LeIBP from the yeast Leucosporidium (PDB 3UYU and 3UYV), bloops are of different lengths and arranged in an irregular order. An a-helix lies alongside the b-helix axis. [59] [60] [61] Yet other IBP structures are found in insect RiAFP and sfAFP. The structure of RiAFP of the beetle Rhagium inquisitor is formed by two closely packed b-sheets [ Fig. 2(x) ]. 62 Six antiparallel polyproline type II (PPII) left-handed helices are observed in the structure of sfAFP from snow flee [ Fig. 2(xi) ]. 63 The global protein structure of some IBPs is stabilized by Ca 2þ ions. A row of aligned Ca 2þ ions can be observed in MpAFP from the bacterium Marinomas primoryensis [ Fig.  3 (a)], 56 and a single Ca 2þ ion is bound in type II hAFP from herring. 51, 64 B. Structure of the ice-binding site
The relatively flat and hydrophobic region that contacts ice upon binding is termed the "ice binding site" (IBS) of the IBP. Amino acid residues of the IBS have frequently been identified via mutagenesis studies. 50, 66, 67 Mutations of amino acids that are important for ice binding result in a large reduction of thermal hysteresis activity. For example, the Thr and Ala residues that are important for ice binding of wfAFP-I are all located on one relatively flat and hydrophobic side of the a-helix. 68 The role of the threonine residues was examined in detail via site-directed mutagenesis to either serine (loss of c-methyl group) or valine (loss of OH group). Replacing Thr by Ser caused a reduction in antifreeze activity, while a Thr to Val mutation had little effect. This suggests that the c-methyl group rather than hydrogen bonding of the OH group of threonine is important for binding to ice. 69 While for most IBPs the IBS is localized on one face of the protein that can bind to either one or several ice crystal plane(s), in some cases, a "compound" IBS is identified. 59, 67 Type III AFP from notched fin eel pout and ocean pout have an IBS composed of two regions positioned at an angle of roughly 150 with respect to each other. One binds the primary prism plane of ice; the other a pyramidal plane [ Fig.  8 (a)]. 67 Additionally, two ice binding faces with an angle of 141 were recently identified in an sheet and loop region of ColAFP. A double mutant inhibiting ice binding in both regions greatly reduced antifreeze activity. Both ice binding sites could be docked onto several ice crystal planes, including the basal plane. 59 The IBS of several AFPs contains residues arranged with remarkably high order ( Fig. 3 ). For example, TmAFP and sbwAFP display two arrays of Thr-residues. 58, 70 Similarly, a row of Thr residues and a row of Asx (mostly Asn) residues appear in the IBS of MpAFP [Figs. 3(a) and 3(b)]. 56 The Thr-side chains have the same rotameric position and the spacing between side chains (7.4 Â 4.6 Å ) matches the ice lattice on the basal plane (7.83 Â 4.52 Å ) as well as on the prism plane (7.35 Â 4.52 Å ). Furthermore, the crystal structure of RiAFP from the beetle Rhagium inquisitor showed four instead of two arrays of threonine residues with a 6.66 Â 4.73 Å spacing [ Fig. 3(c) ]. 62 A single row of ordered Thr-residues with a spacing of 16.5 Å is observed in wfAFP-I [ Fig. 3(d) ], which matches with the 16.7 Å repeat in the {2 0 2 1} pyramidal plane. 47, 68 On the contrary, examples of ice binding sites without apparent structure are also known, even in IBPs with b-solenoid structure, such as TisAFP, LpIBP, LeIBP, and ColAFP. Despite this lack regularity in the IBS these proteins are able to bind both basal and prism planes. [59] [60] [61] 65 Crystal structures of various AFPs reveal ordered waters associated with the protein IBS, 48, 56, 58, 65 which are thought to play an important role in ice-binding (see Sec. VI E for more details).
IV. ACTIVITY ASSAYS OF ICE BINDING PROTEINS
The activity of IBPs is routinely measured on a macroscopic level in an activity assay that quantifies the impact of IBPs on ice crystal growth. For example, the extent of freezing-point depression due to AFPs is determined in a thermal hysteresis activity assay. Furthermore, one can specifically probe the interaction between IBPs and ice in a (fluorescence) ice-binding plane affinity assay. This method relies on the oriented growth of a single-crystal ice hemisphere to reveal onto which ice crystal plane(s) IBPs bind.
A. Thermal hysteresis activity
Common antifreezes like salts and alcohols lower the freezing point in a colligative fashion. The freezing point depression depends linearly on the solution osmolality and can be calculated according to
DT F is the freezing point depression, K F is the cryoscopic constant which depends on the solvent, b is the molality, and i is the van't Hoff factor. For example, a 1 mM NaCl solution in water gives a freezing point depression DT F $ À0.004 C. In contrast, AF(G)Ps lower the freezing point in a noncolligative fashion. For instance, a 1 mM wfAFP-I solution gives $0.53 C freezing point depression ( Fig. 4 ). 71 Clearly, AF(G)Ps are far more effectively antifreezes on a molar basis. Unlike colligative antifreezes, AF(G)Ps depress the freezing point relative to the melting point, which creates a so-called thermal hysteresis gap. 24 The magnitude of this gap is a quantitative measure of the Thermal hysteresis activity or antifreeze activity, since further growth of embryonic ice crystals is blocked in this temperature range. The magnitude of this TH gap is taken as a quantitative measure of AFP activity. It can be influenced by various means, e.g., ions, 5,72 other low molecular weight solutes, 73 and proteins that interact with AFPs. 74 In a classical thermal hysteresis assay, a nanoliter freezing point osmometer setup is used to grow a small ice crystal with a single crystallographic orientation within a $10 nl IBP sample droplet immersed in an oil droplet. Flashfreezing initiates the formation of ice crystals, which are subsequently melted until a single, small crystal of $10 lm remains. Hereafter, the sample temperature is slowly lowered until a sudden growth "burst" occurs [ Fig. 4(a) ]. This temperature is recorded as the nonequilibrium freezing temperature. In such a cryoscopy assay, the freezing and melting temperatures, T f and T m , respectively, are thus determined by analysis of a series of video frames taken upon slow cooling and heating of the IBP sample. 75 This gives the TH ¼ jT f j À jT m j activity of AFPs, which increases linearly with the square root of the molar AFP concentration [ Fig.  4 71 Assaying thermal hysteresis by cryoscopy has two major advantages: minute sample volumes of $10 nl are required and IBP-induced ice shaping (vide infra) can be observed simultaneously. Disadvantageously, the technique is laborintensive, and results may be poorly reproducible, especially for insect AFPs, which exhibit TH activity that is strongly dependent on the experimental conditions, such as the ice crystal size, the cooling rate, and the annealing time during which the ice crystal is exposed to the AFPs. 76, 77 This is exemplified in a comparison of TH values measured by cryoscopy and alternative methods, such as the capillary technique wherein relatively large crystals of $0.25 mm in size are studied. The capillary technique yields lower TH values than cryoscopy, since the TH activity of insect AFPs increases with decreasing ice crystal size. An aqueous solution of AFPs purified from the beetle D. canadensis gives TH ¼ 1.4 C in the capillary technique and TH ¼ 5.5 C in cryoscopy. 13 A robust and automated method for TH determination based on sonocrystallization was recently developed by Gaede-Koehler et al. to enable high-throughput analysis of novel antifreezes. 78 In this assay, $1 ml of an AFP solution is supercooled in a well-defined cooling ramp, after which ice nucleation is initiated by a short ultrasound pulse ( Fig. 5 ). This results in an increase in the temperature of the sample, due to released latent heat of crystallization, which stabilizes at the nonequilibrium freezing point. Several minutes after the pulse, slow melting of the sample is initiated by a welldefined heating ramp. This scheme enables an independent and automated measurement of the freezing and melting point of samples within a single experiment using a Pt-100 resistance thermometer.
B. IRI activity
Ice recrystallization is a thermodynamically driven, spontaneous process where large ice crystal grains grow at the expense of smaller ones. This results in a decrease in the grain boundary area per unit volume of ice, thereby lowering the free energy of the system. We distinguish between three types of recrystallization: isomass, accretive, and migratory recrystallization [ Fig. 6(a) ]. 9, 79 The latter is often ascribed as the primary ice recrystallization process. Isomass recrystallization occurs through changes in the shape or internal structure of ice crystals. Irregular grain surfaces are rounded-off, and ice crystal defects are reduced. Accretive recrystallization refers to the fusion of two or more neighboring crystals. Migratory crystallization, also known as Ostwald ripening, occurs when large crystals grow while small ones (with small radii and relatively large surface energy) disappear at constant ice volume fraction, temperature, and pressure. 9, 79 IBPs already inhibit recrystallization at very low, micromolar concentrations. 9 This inspired the design of biomimetic antifreezes for use in biomedical applications such as red blood cell preservation. 80, 81 In an ice recrystallization inhibition (IRI) activity assay, a thin wafer of fine polycrystalline ice is annealed at a subzero temperature (typically À6 C) for several hours during which the time-evolution of the size of individual ice grains is analyzed by optical microscopy. The lowest IBP-concentration where ice recrystallization cannot be observed, the IRIendpoint, is often reported to describe the IRI activity of the IBP. 8, 82 IRI assays are best performed in the presence of low molecular weight solutes like sucrose or NaCl. These accelerate recrystallization and ensure a sufficiently large liquid fraction (which coexists with the ice crystals in the sample) to discriminate between IRI-active compounds that bind ice and IRI-inactive compounds that do not bind ice [ Fig. 6 
Several methods have been developed to obtain thin wafers of fine-grained polycrystalline ice required for IRI assays. All rely on rapid cooling of the sample under investigation. Knight et al. developed the "splat cooling" method wherein a 10 ll droplet of an IBP solution falls 3 m in height through a 12 cm plastic tube onto an aluminum plate kept in dry ice at a temperature of À78 C. 83 by solid CO 2 . 36 Both methods yield fine-grained ice, because rapid heat removal and large undercooling yield a large number of ice nuclei. 9, 84 To quantitatively compare the IRI activity of ice-binding compounds, automated image analysis routines have been developed to monitor the time-evolution of the mean ice grain size, r, and mean largest grain size. 80, 86, 87 The Koop laboratory demonstrated that r 3 increases linearly with time in 45 wt. % sucrose solutions as predicted by Lifshitz-Slyosov-Wagner (LSW) theory [ Fig. 7(a) ]. 79, 88, 89 This is in accord with Ostwald ripening being the primary cause of ice recrystallization under these conditions. The addition of (synthetic mimics of) AF(G)Ps considerably reduced the growth rate constant k in a concentration-dependent manner. The midpoint c i of the sigmoidal decrease in k with the increasing IBP concentration is taken as a quantitative measure of IRI [ Fig.  7(b) ], enabling an activity ranking of biological and synthetic antifreezes. 80, 89 Below the inhibitory concentration c i , the rate of ice grain growth is limited by water diffusion, while the decelerated rate of liquid-to-ice-transfer is rate limiting at higher AFGP concentrations.
C. Dynamic ice shaping
Once an embryonic ice crystal adopts its specific, IBPinduced morphology, further growth is completely arrested within the thermal hysteresis gap. The shape of these ice crystals reflects the affinity of IBPs for the various ice crystal planes. Virtually, all natural ice grows in an hexagonal lattice described by four crystallographic axes (a 1 , a 2 , a 3 , and c), as shown in Fig. 8(a) . Fish AFPs bind on the prism and pyramidal planes of ice, thereby limiting ice growth in the a 1 , a 2 , and a 3 directions [ Fig. 8(b) ]. As a result, fish AFPs shape ice crystals into hexagonal bipyramids, thus minimizing the size of the basal planes (devoid of AFPs), which form a small tip [ Fig. 8(b) , i-iii, v]. In contrast, ice crystals grown in the presence of other IBPs that bind basal planes of ice adopt a flat hexagonal [ Fig. 8(b) , iv] or lemon-shaped form [ Fig. 8(b) , vi]. Upon slow cooling to temperatures below the thermal hysteresis gap, a growth burst of IBP-covered ice crystals is observed, which occurs along the c-axis for nonbasal plane binding IBPs and normal to the c-axis for basal plane binding IBPs. 90 Monte Carlo simulations on ice crystal growth in the presence of fish and insects AFPs display these experimentally observed growth habits. 91 Computational studies by Strom et al. explain the ice-shaping into characteristic morphologies by fish resp. insect IBPs with a one-dimensional resp. two-dimensional periodic bond chain matching mechanism leading to surface pinning. 92, 93 
D. Ice nucleation activity
Ice nucleating proteins promote ice nucleation at small subzero temperatures. Generally, when a solution is supercooled below the melting point or (equilibrium) freezing point, it remains in the liquid state until the "supercooling point" or "nucleation temperature" is reached. At this temperature, ice-like aggregates of large enough size form nuclei and result in freezing. 12 INPs increase the nucleation temperature, which induces freezing at elevated supercooled temperatures. This is because the ice-binding site of INPs provides a platform for the organization of water molecules in an icelike lattice which favors nucleation. Various droplet-freezing assays have been developed to study the impact of INPs and other compounds on the temperature of ice nucleation ( Fig. 9 ). 95, 96 Since nucleation is a stochastic process that is highly susceptible to numerous factors that are difficult to control, ice nucleation activity assays have to be performed multiple times to ensure proper statistical sampling. 97 
E. Ice plane affinity analysis
Since adhesion to ice is the primary requirement for IBP activity, analytical tools have been developed to determine which ice crystal planes IBPs bind. Knight et al. developed an ice-etching technique, wherein a single ice crystal is grown from a dilute IBP solution to give a large ice hemisphere, which presents all interface orientations and which is furthermore positioned in a defined crystallographic orientation. 85 Fig. 10(a) ]. Recently, this method was adapted to facilitate IBP detection on their affinity plane by fluorescence, which circumvents the need for sublimation [Figs. 10(b) and 10(c)]. 100 Prior to such a fluorescence based ice-plane affinity (FIPA) assay, IBPs are either coupled to a fluorescent dye or to a fluorescent protein in a fusion protein construct.
V. INTERACTION OF ICE BINDING PROTEINS WITH ICE
The activity of IBPs is the result of their unique ability to interact with ice crystals. Insight into the nature of this interaction helps to understand how IBPs function and is furthermore essential for the knowledge-based design of potent biomimetic antifreezes.
A. Adsorption-inhibition model
In a seminal paper, Raymond and DeVries described a step-pinning model to explain how IBPs block ice crystal growth. 101 If AFPs adsorb irreversibly in the path of a growth step on embryonic ice crystals, the proteins act as an impurity enforcing ice to advance between the adsorption sites. Above a threshold surface coverage, this raises the curvature of the growing ice front, which depresses the freezing point via the Gibbs-Thomson or Kelvin effect [ Fig. 11(a) ]. Steps no longer move and further ice growth is arrested within the thermal hysteresis gap. It is important to point out that while impurities alter crystal growth through step-pinning, incorporation, kink blocking, and lowering of the interfacial energy, only step-pinning can block crystal growth altogether. 101,102 A step-pinning mechanism also naturally bears out the square-route dependence of activity on IBP concentration, 101, 102 which is observed in numerous experimental studies. 71 Monte Carlo simulations on entire 3D ice crystals in the presence of TmAFP and wfAFP-I are also in line with this theory of antifreeze activity since ordered step growth appears inhibited. 91 The prevailing adsorption-inhibition model has been extended and revisited by various groups to account for nonstepwise growth on rough prism planes 86, 103, 104 and dynamic exchange between adsorbed and free AFPs in a two-step mechanism. 105 Knight et al. pointed out that IBPs block normal growth preventing layer growth instead of lateral growth impeding step passage (Fig. 11 ), since all ice crystal planes except the basal plane are molecularly rough. 86, 103, 104 An insightful study by Kristiansen and Zachariassen builds upon the original adsorption-inhibition model, but argues that it is a pressure build-up due to convex ice growth that underlies the Gibbs-Thomson effect. 71 Alternative models consider the anisotropic surface energy of ice, 106 reversible adsorption, [107] [108] [109] [110] [111] the polymeric nature of IBPs, 112, 113 and lowering of the interfacial tension or step energy. 114, 115 
B. Reversible or irreversible ice-binding?
Various advanced experimental methods have been utilized to test the validity of (the assumptions underlying) the current models of antifreeze activity. These studies focused on, e.g., the nature of the IBP/ice interaction, [116] [117] [118] [119] melting hysteresis, 24, 120 the IBP accumulation rate, 121 the concentration-dependence of TH activity, 122 the origin and the consequences of ice-binding plane specificity, 77 and the surface coverage. 123 Perhaps the most debated topic is the nature of the interaction between AFPs and ice. The adsorption-inhibition model implicitly assumes that binding is irreversible, but this view has met considerable skepticism. [107] [108] [109] [110] [111] 115 Conflicting experimental results heat the debate: some studies suggest binding is (partially) reversible, while others convincingly demonstrate ice-binding is irreversible. [116] [117] [118] [119] 124 Fluorescence-based experiments have been employed to enable direct visualization of single ice crystals as well as the location, adsorption, and desorption of fluorescently labeled IBPs. Pertaya et al. monitored fluorescence recovery after photobleaching (FRAP) of parts of single ice crystals grown in a solution of a fusion construct of opAFP with GFP at a constant temperature of À0.64 C within the TH gap [ Fig. 12(a) ]. 116 The absence of FRAP during a period as long as 7 days demonstrated the absence of exchange between the bleached IBPs on the ice crystal surface and the unbleached IBPs in solution. Contrasting with this work is a detailed study on single ice crystals kept at a temperature close to the freezing point in the presence of FITC-labeled AFGPs. Zepeda et al. observed that ice crystal growth resumes on halted faces when AFGPs desorb [ Fig. 12(b) ]. 117 Their findings reveal a two-step inhibition mechanism comprising a reversible step that primes the surface for a subsequent stronger interaction that arrests growth. Bar et al. arrive at a similar conclusion based on a systematic study of ice-shaping and TH activity of TmAFP mutants. 125 Drori et al. studied whether IBPs must be present in solution to block desorption and ice crystal growth. To this end, unbound TmAFP surrounding the ice crystal was removed, by buffer exchange in the TH gap. Neither ice crystal growth nor changes in the fluorescence intensity in solution were detected after a 20 min stabilization period following the depletion of the AFP [Fig. 13(a) ]. 118 Furthermore, the hysteresis freezing point was hardly altered: AFP depletion increased the burst growth temperature by 10%. While these findings strongly suggest that TmAFP binds ice in an irreversible fashion, this may not hold for all IBPs. The behavior of opAFP differs markedly. Although bound opAFP-III seemed to remain attached to ice upon depletion of the protein from solution, AFP removal reduced the thermal hysteresis more than a factor three. 119 Moreover, solvent exchange to buffer induced burst growth of the ice crystal in roughly 50% of the experiments. Fish and insect AFPs also differ in their accumulation rates. 121 While adsorption of GFP-tagged opAFP-III at the prism plane reached saturation within 6 min, TmAFP-GFP accumulation on the basal plane took more than 4 h. The fast resp. slow accumulation of prism resp. basal-plane binding AFPs also explains why TH activities of basal-plane binding IBPs increase with exposure time, while TH activities of other IBPs do not (Fig. 13 ). 121 Without doubt, these studies will be complemented by additional experiments aiming to settle the debate on the nature of the IBP/ice interaction and its relation to IBP activity. It seems probable that it depends on both the type of IBP as well as on the environmental conditions, such as undercooling temperature, annealing time, and IBP solution concentration. Furthermore, we anticipate detailed studies on the surface coverage. 123 Estimates for the mean intermolecular spacing of IBPs bound to ice are d ¼ 21 6 4 nm for c ¼ 5 lg/ml AFGP4-6 solutions, 119 d ¼ 20 6 5 nm for c ¼ 15 6 5 lM opAFP-III solutions, 118 d ¼ 4-20 nm for c ¼ 2 mg/ml wfAFP-I solutions 126 and d ¼ 7-35 nm for TmAFP-GFP and d ¼ 8-25 nm for opAFP-GFP solutions. 123 According to the prevalent adsorption-inhibition model, these intermolecular distances on the ice crystal surface would result in far higher thermal hysteresis activities than experimentally observed. 119, 123 
VI. INTERACTION OF ICE BINDING PROTEINS WITH WATER
Water molecules in the hydration layer surrounding proteins play an important role in their structure and function. 127 Naturally, the hydration shell of ice-binding proteins is thought to impact their capacity to adhere to ice. The key question is how. To rationalize the observed AFP-induced freezing point depression, DeVries and coworkers proposed that AFPs immobilize or structure waters to such a large extent that it reduces the amount of bulk waters available for ice formation. 4, 5 However, nuclear magnetic resonance studies showed that the amount of surface-bound water is low. 128 Hence, the idea of AFPs interfering with bulk waters joining the ice phase was abandoned. 129, 130 But, the quest to understand the physical mechanism underlying the activity of icebinding proteins continued.
A. Molecular origin of ice-binding
Initially, a hydrogen-bonding based binding mechanism was considered to be a general mode of ice-binding by IBPs. Emphasized is the importance of a good match between the ice lattice and the hydroxyl groups of Thr residues on the protein surface. 85 Shortly after the first crystal structure of winter flounder AFP-I was solved, 131 molecular dynamics (MD) simulations were performed in vacuum and at ice-vacuum interfaces aiming to reveal how type I wfAFP binds ice. Important aspects, such as the IBP's hydration shell, were knowingly ignored or simplified. Vacuum was taken as a proxy for water, because it was too computationally expensive to perform simulations on the ice-water interface in the presence of AFPs. 132 Hence, early MD studies primarily focused on the helical structure of wfAFP-I in vacuum and the docking of the spatially separated Thr residues onto the ice surface from vacuum. 133 MD simulations of Cheng et al. on wfAFP-I in the presence of water pointed toward a diminished role for hydrogen bonding. The work suggested water clathrate formation near the surface of the protein due to both hydrophobic effects and hydrogen bonding resulting in a reduced solvation free energy in aqueous solution. 134 Since joining two interfaces that induce clathrate formation would be energetically favorable, the effect was proposed to favor binding of AFPs onto a preorganized ice surface. Experimental evidence in support of the relevance of both hydrogen bonding and hydrophobic effects was subsequently obtained from systematic mutagenesis studies. 68 This culminated in three distinct ice-binding hypotheses: (1) hydrogen-bonding groups on the IBP surface match the ice lattice oxygen atoms, (2) a flat, hydrophobic protein surface binds ice via the partitioning of hydrophobic side chains within the ice lattice, and (3) the binding site develops in a protein-assisted manner via surface-bound waters. 135 
B. MD simulations reveal icelike hydration
Aiming to shed light on the relevance of IBP hydration, Sharp and Madan introduced a method to quantitatively analyze changes in the water structure induced by (1) polar solutes based on the water-water hydrogen bond angle distribution function obtained from MD simulations (Fig.  14) . 136, 137 In pure water, the distribution of the water-water H-bond angle (or tetrahedral order parameter) in the first hydration layer is bimodal, with a low-and high-angle population. The ratio of the two populations is a quantitative measure for water structural distortion due to hydrophobic or hydrophilic solutes. 138, 139 Sharp and coworkers used this concept to identify potential differences in the hydration structure of wild type and less active mutants of fish type I and type III AFPs. [140] [141] [142] Subtle but systematic differences in the tetrahedral order parameter were found between icebinding and nonice-binding protein regions. Overall, the icebinding region has a more tetrahedral, icelike hydration within the primary hydration layer, while the nonice-binding regions are more distorted and heterogeneous. Mutant AFPs with little or no activity showed no specific tetrahedral water arrangement, suggesting that these features may underlie the molecular recognition of ice surfaces by AFPs. More recent MD simulations on fish type I and type III AFPs confirmed the earlier work of Sharp et al. 133, 143 A new way to quantify the tetrahedricity of the hydration water structure was introduced and compared to the previous method based on the water-water angular distribution function. 143 Again, icelike waters were found on the ice-binding surface of the protein within the first hydration layer, but not beyond.
C. Dual function of the hydration layer
The three-dimensional structure of b-helical AFPs from insects is completely different than the native fold of type I and III AFPs. 144 The x-ray diffraction crystal structure of TmAFP revealed regularly arrayed water molecules on the putative ice-binding site enclosed by structurally separated Thr-residues. 58 MD simulations showed that these waters remained associated with the protein before ice binding, strongly suggesting that they are an intrinsic part of the protein and assist in ice recognition and binding. Yang et al. hypothesized that the bound waters initially facilitate ice recognition and binding, but are excluded later on during the final formation of the AFP/ice complex because it is entropically favorable and enables a better match between TmAFP and ice. 145 In an insightful study, Nutt et al. put forward that the hydration layer around b-helical proteins has two functions: preconfiguration into icelike architectures on the ice-binding surface (IBS) and distortion on the non-IBS (Fig. 15 ). 146 On the one hand, preconfigured icelike water molecules on the IBS would facilitate ice-binding by inducing ice growth in the interfacial region between ice and bulk water, which is intrinsically disordered and approximately 10-20 Å thick. 147 On the other hand, waters near the non-IBS would be more distorted to prevent engulfment in the ice. The authors further proposed that the high entropic gain of merging the preorganized waters at the IBS with ice through this "zipper mechanism" would sufficiently reduce the free energy of the system to result in quasi-irreversible binding.
D. Local melting of ice
Explicit inclusion in simulations of the interfacial region between ice and water in the presence of AFPs could reveal whether IBPs indeed impact the interfacial region, and if so, whether this relates to their differential affinity for specific ice crystal planes. Recent MD simulations by Todde et al. address the influence of sfAFP and wfAFP-I on the ice-water interface. 148, 149 Interestingly, sfAFP was found to trigger local melting of the ice surface on the nonadsorption planes (i.e., bipyramidal and prism planes), while the adsorption plane (basal plane) was found to be stable. In the simulations, a concave curvature developed on the ice front due to the partial melting of ice, which depresses the freezing temperature due to the Gibbs-Thompson effect. This model offers a possible explanation for the experimental observation of both quasipermanent and reversible binding (vide supra). 150
E. Bound surface waters in protein crystals
The computational studies described in the above place the IBP hydration shell and its influence on the ice-water interfacial region at the heart of IBP activity. Experimentally, the interaction between IBPs and water can be probed by diffraction and spectroscopy. A neutron crystal structure of opAFP-III demonstrated a hydrogen bond interaction between the Thr18 residue at the IBS with a tetrahedral water cluster of four water molecules matching the primary prism plane of ice. 151 The crystal structure of TmAFP displays a flat row of ordered water molecules with a spacing of 4.64 6 0.20 Å , which is guided by the arrangement of surface threonine residues and matches the ice lattice. 58 Similarly, the x-ray crystal structure of the b-helical MpAFP revealed tens of bound waters on the protein surface with a good positional match to both the basal and primary prism planes of ice [Figs. 16(a) and 16(b) ]. 56 These and other crystal structures raised the question whether icelike waters at the IBS act as a "ligand" during ice-binding facilitating, e.g., molecular recognition or whether they are released from the protein surface resulting in an entropic gain in free energy upon ice-binding. The x-ray crystal structure of Maxi, a large type I AFP from winter flounder, shed light on this matter. It showed a dimeric, four helix bundle with the putative ice-binding residues pointing inwards, coordinating the interior waters into two intersecting polypentagonal networks [ Fig. 16(c) ]. 48 If ice-binding of Maxi would not be mediated through these ordered waters that extend outwards, the protein would be inactive in associated form and would have to disassemble to bind ice. Sun et al. showed, however, that the chemically cross-linked IBP also shows antifreeze activity, demonstrating that Maxi does not release its ordered waters to project the ice-binding residues toward the ice surface. 48 These findings strongly support an ice-binding mechanism in which IBPs preorganize water molecules within their hydration shell on the ice-binding site via which the protein is frozen onto the growing ice front. These icelike waters thus remain tightly bound throughout; they are not released from the protein surface upon binding.
F. Icelike waters at the IBS in solution
The observation of icelike waters within protein crystals motivated detailed experimental studies aiming to reveal whether or not these ordered waters are present at the icebinding site of AFPs in solution prior to adsorption onto ice. Naturally, this is a huge experimental challenge since the goal now is to probe a small amount of hydration water molecules in a vast excess of bulk water molecules.
Terahertz (THz) absorption spectroscopy was used to probe the hydration dynamics around AFPs, as well as the collective water network motions. THz experiments on AFGP demonstrated a considerable long-range influence on the hydration dynamics for AFGP, supposedly directly correlated to antifreeze activity. 152 In a follow-up work, the antifreeze activity of wfAFP-I was ascribed to a direct interaction of the AFP with ice via H-bonding of Thr-residue hydroxyl groups assisted by an extension of the dynamic hydration shell. 153 Similar extended dynamical hydration shells were observed for the b-helical DAFP-1, a structural homolog of TmAFP. 154 Contrasting with these experiments are 17 O magnetic relaxation dispersion measurements on TmAFP, which selectively monitor the rotational motion and exchange kinetics of water molecules. 155 No evidence for unusual global hydration behavior of TmAFP was found.
The first hint at icelike waters within the hydration shell of IBPs in solution above freezing temperatures was apparent in the infrared spectroscopy study of Zelent et al., who attributed the absence of a vibrational frequency shift in the amide I region of AFP-I to the formation of icelike waters surrounding the ice-binding site. 156 The first direct observation of icelike waters on the surface of opAFP-III above freezing temperature was reported in a collaborative work by Meister et al. The vibrational sum frequency generation (vSFG) spectrum of wild-type AFP-III showed icelike vSFG bands, which became more prominent upon lowering the temperature towards the biological working temperature regime of 0 to À2 C (Fig. 17 ). 157 A single point mutation was found to eliminate both the icelike water character and the antifreeze activity. These findings clearly demonstrate the necessity of ordered icelike waters for activity, presumably since they are central to ice recognition and binding. Interestingly, vSFG experiments on DAFP-1 did not reveal such ordered icelike waters, suggesting differences exist in the molecular origin of ice-binding of the various types of IBPs. 158 Future work may reveal whether this is related to the differential preferences for ice crystal planes.
VII. CONCLUSION
In summary, cold-adopted organisms from a wide range of biological kingdoms produce ice-nucleating and icebinding proteins to control ice nucleation and growth. IBPs fulfill distinct functional roles, ranging from inhibition of ice growth and recrystallization to ice structuring and adhesion. The discovery in 1969 of proteins that depress the freezing point of a solution in a noncolligative manner spurred great interest across a wide range of scientific disciplines aiming to grasp and utilize ice-growth inhibition by IBPs. A plethora of IBP structures has been elucidated, showing a wide structural diversity; yet, all IBPs bind ice. On a macroscopic scale, antifreeze activity and ice plane specificity has been studied extensively. Fluorescence microscopy on fluorescently tagged IBPs greatly advanced insight into the accumulation of IBPs onto specific ice crystal planes. Computational studies revealing icelike waters at the icebinding site have been corroborated by spectroscopic and diffraction methods revealing structured waters in protein crystals as well as in solution above freezing temperatures.
Despite these major breakthroughs, the exact mechanism of growth inhibition is still under debate. Experimental and theoretical results are to be reconciled: there is a large discrepancy between AFP spacing predicted by theory and estimates obtained from microscopy and other methods. Icelike waters could be observed by spectroscopic methods for certain IBPs but were absent for others. Therefore, the concept of a unifying description for the ice binding and antifreeze activity of all classes of AFPs is questioned. Furthermore, the fundamental insights into the unique ability of IBPs to tune ice crystal growth have seen little translation into reallife applications despite promising preliminary results in frozen foods, 14, 15 gas hydrate inhibition, [159] [160] [161] and the cryopreservation of cells, tissues, and organs. 16 We foresee novel insights from single-molecule techniques aiming to FIG. 17 . Observation of ice-like waters on the protein surface of type III AFP by vSFG experiments. The vSFG spectrum of the air-water interface (black) consists of two broad bands at 3200 and 3450 cm À1 assigned to hydrogen-bonded liquid water and a sharp peak at 3700 cm À1 assigned to dangling OH groups sticking out of the surface. The vSFG spectrum of a opAFP-III solution (red) shows spectral features associated with the CH vibrations of the protein at frequencies <3000 cm À1 and a single strong relatively narrow peak at 3200 cm À1 assigned to the response of icelike water layers associated with the ice-binding region. The icelike water peak at 3200 cm À1 was absent in the spectrum of an inactive mutant opAFP-III. probe the interaction of individual IBPs with ice, as well as systematic studies of ice nucleation and the relation between the various functional roles of IBPs and INPs. A "computational microscope" could offer additional insight at the molecular level-especially concerning IBP hydration and the ice-water interfacial region, provided that realistic water models appropriate for ice, water, and hydration water become available. 150 We also anticipate a growing interest in biomimetic antifreezes for use in biomedicine, food technology, cosmetics, coating technology, de-and anti-icing strategies, and other material science applications. In summary, we look forward to a bright future for fundamental and applied research into IBPs and their synthetic mimics. 
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